Although Ni isotopes have been shown to be significantly fractionated in terrestrial samples, their use in continental environmental studies has not yet been evaluated. The present study focuses on an ultramafic (UM) massif (Barro Alto, Goiás, Brazil) because such areas are naturally rich in Ni. We present developed lateritic weathering profiles. The goal of the study is to evaluate the potential of using Ni isotopes in environmental continental studies by combining its isotopic signature with mineralogy, in order to better understand the geochemical cycling of Ni in UM settings during weathering. As such, Ni isotope values were measured in samples from the Barro Alto UM complex in the main stages of the lateritic weathering profile of UM rocks, including bedrock, ores (saprolitic and lateritic samples) and soil. The mineralogical composition of the samples, with a focus on the different Nibearing minerals, was also determined to decipher the potential links between isotopic fractionation and weathering dynamics. Isotopic signatures (δ Ni from −0.19 to −0.02‰). An overall trend of heavier isotope depletion was observed in the solid phase during weathering (Δ 60 Ni Soil-Bedrock = −0.47‰). The mineralogical results were consistent with the literature and showed that the mineralogy of the lateritic part and soil was dominated by Fe-oxides, whereas clay minerals were the primary Ni phase scavengers in the saprolitic part of the profile. Thus, the formation of Ni-bearing clay minerals and Fe-oxides appeared to lead to depletion in heavier isotopes, which indicates preferential export of heavy isotopes in the dissolved phase. This result is consistent with isotopic signatures measured in the exchangeable pool of the solid phase (Δ 60 Ni exch-total up to 0.47‰), and Ni isotopes appear to be a promising tracer to better understand the biogeochemical Ni cycling on the Earth's surface.
Introduction
The weathering of ultramafic (UM) rocks under tropical conditions leads to unusual and exceptionally high Ni concentrations in weathering profiles and makes them economically valuable resources. Ni concentrations can reach values of 0.4 to 3 wt.% in ores developed on UM rocks (Dalvi et al., 2004; Butt and Cluzel, 2013) . Nickel is strongly enriched in ultramafic rocks and serpentinites (~0.2%), that constitutẽ 1% of the terrestrial landscape, compared to the Earth's upper continental crust (~20 mg/kg) and other rocks (2-140 mg/kg) (Rawlins et al., 2012) . These lateritic Ni ores represent approximately 60-70% of the terrestrial reserves of Ni, and major deposits have been found in New Caledonia, Indonesia, Philippines, Australia, Brazil, Cuba, and other tropical states and countries (Butt and Cluzel, 2013) . In soils developed from UM rocks, Ni concentrations may reach up to 10,000 mg/kg (Oliveira et al., 1992; Oze et al., 2004; Hseu, 2006; Garnier et al., 2009) , whereas Ni concentrations in most soils commonly range from 0 to 100 mg/kg (McGrath and Smith, 1995) . In UM rocks, the main Ni-bearing minerals are olivine (particularly forsterite), spinel, amphibole, serpentine and pentlandite (Kierczak et al., 2007; Quantin et al., 2008; Fandeur et al., 2009 ). Weathering of these rocks leads to the mobilization of Ni and subsequent sequestration in newly-formed phases, i.e., clay minerals, Fe oxides and, to a lesser extent, Mn oxides (Quantin et al., 2008; Fandeur et al., 2009 ). In the lateritic part of the weathering profile, Fe-oxides are the predominant Ni-bearing minerals (Manceau et al., 2000; Quantin et al., 2002; Fandeur et al., 2009; Dublet et al., 2012) and can residually concentrate Ni to 0.6-1%, whereas in the saprolitic part of the profile, Ni is mainly associated with primary and secondary clay minerals such as serpentine, talc, chlorite and smectite (Colin et al., 1985; Manceau and Calas, 1985; Gaudin et al., 2004; Gleeson et al., 2004; Wells et al., 2009; Fan and Gerson, 2011; Dublet et al., 2012; Butt and Cluzel, 2013) . Moreover, hydrous Mg-Ni phyllosilicates, also known as "garnierites," and dominated by talc-like and serpentine-like minerals, may occur in the lower part of the saprolite and may contain 1-6 wt.% Ni (Gleeson et al., 2004; Garnier et al., 2009; Raous et al., 2013) . These higher grade materials are due to absolute enrichment by Ni leaching from the surface horizons. Locally, garnieritic veins may contain up to 30 wt.% Ni (Wells et al., 2009) . The evolution of Ni-bearing phases during rock weathering influences Ni geochemical cycling and bioavailability, which is largely controlled by solid-state speciation (Brown et al., 1999) .
Redox reactions can also indirectly influence the Ni mobility in lateritic profiles as a result of the reduction of Ni-bearing Fe and Mn oxides (Quantin et al., 2001) . Recently, Dublet et al. (2014) observed the presence of Ni-bearing siderite in a lateritic profile from New Caledonia whose origin is associated with the development of waterlogging and reducing conditions in the presence of high organic matter contents. Finally, vegetation growth on these UM soils could modify speciation in both solutions and solids, particularly in organic matter-rich horizons, such as topsoil. In some cases, Ni (hyper)accumulating plants can accumulate up to 1 to 3 wt.% Ni (Baker et al., 1985; Reeves et al., 2007a Reeves et al., , 2007b , which might lead to significant modification of the Ni biogeochemical cycle in the environment (Yang et al., 1997; Puschenreiter et al., 2005; Centofanti et al., 2012) .
To better understand and quantify the fate of metals in the rocksoil-water continuum, metal stable isotope systematics provide useful tools for tracing metal sources and cycling in natural environments (Bullen, 2014) . Stable isotope fractionation results from different source compositions and/or geochemical processes, such as adsorption onto a mineral surface or organic compounds (Pokrovsky et al., 2005; Juillot et al., 2008; Jouvin et al., 2009) , precipitation of oxides (Skulan et al., 2002; Wiederhold et al., 2007) , redox processes (e.g., Bullen et al., 2001; Zhu et al., 2002; Ehrlich et al., 2004) , weathering processes and clay mineral genesis (Cornelis et al., 2014) and biological uptake processes (Beard et al., 1999; Brantley et al., 2001; Zhu et al., 2002; Weiss et al., 2005) . Recent progress has been made possible by the development of Multi-Collector Inductively-Coupled-Plasma Mass Spectrometry (MC-ICP-MS), which provides accurate and precise measurements of a wide range of isotope systems (Hirata, 1996; Johnson et al., 2004 Ni 0.93%. Until recently, the application of Ni isotopes was mainly dedicated to the study of extraterrestrial materials, such as meteorites (Birck and Lugmair, 1988; Shukolyukov and Lugmair, 1993; Moynier et al., 2007; Regelous et al., 2008; Chen et al., 2009) . Nickel isotopic variations have recently been reported from a range of terrestrial materials, including sediments, oceanic metalliferous deposits, igneous rocks, seawater and rivers and methanogen cultures (Cameron et al., 2009; Gall et al., 2012 Gall et al., , 2013 Gueguen et al., 2013; Cameron and Vance, 2014 ). δ
60
Ni values of igneous and mantle-derived rocks range from −0.13 to 0.16‰, whereas ferromanganese crusts from different oceans have heavier Ni isotope compositions (δ 60 Ni = 0.9 to 2.5‰, Gall et al., 2013) , which is broadly consistent with the heavier Ni isotope composition of dissolved Ni in river water (δ 60 Ni = 0.29 to 1.34‰) and seawater (average δ 60 Ni = 1.44 ± 0.15‰, 2 s.d.; Cameron and Vance, 2014) . In order to explain the isotopic heaviness of oceanic dissolved Ni and considering that FeMn crusts are the main output from seawater, they hypothesized that the overall input is also heavy. Consequently, an isotopically light pool of Ni must remain on the continents. Until now, few samples of soils and weathered rocks have been analyzed (Gall et al., 2013) which include serpentinized peridotite (δ 60 Ni = 0.09 ± 0.09‰), yellow laterite (δ 60 Ni =− 0.11 ± 0.10‰) and green saprolite (δ 60 Ni =− 0.30 ± 0.09‰). These samples were from the Cerro Matoso Ni-lateritic mine (Colombia, Gleeson et al., 2004) , and the variations demonstrate that the Ni isotopes may potentially be a powerful tool to study environmental Ni cycling. δ 60 Ni values were also determined in sulfide mineralizations present in serpentinite ores in two mines from Zimbabwe and ranged from − 0.47 to − 0.28‰ (Hofmann et al., 2014) . Finally, the first study regarding Ni isotope fractionation in both non-accumulating and Ni-hyperaccumulating plants under hydroponic conditions shows that plants are inclined to absorb light Ni isotopes (Deng et al., 2014) . These literature data show a wide variation in Ni isotope signatures (−0.30 to 2.50‰) among terrestrial samples. Thus, our major goal is to evaluate the Ni isotope fractionation during the weathering processes occurring in a Ni-rich system, i.e., a laterite from the Barro Alto UM complex (Goiás, Brazil), which is representative of the lateritic regoliths developed under humid tropical and sub-tropical conditions, under present and past climates (Butt and Cluzel, 2013) . Up to now, only three values are currently reported for such a type of system (Gall et al., 2013) . Here we report Ni isotope compositions for the main stages of a lateritic weathering profile of UM rocks, including unweathered and slightly weathered bedrock, saprolitic and lateritic ores, and soil samples, together with the isotopic composition of the exchangeable Ni. The mineralogical composition of the samples, especially of the different Ni-bearing minerals, was also carefully determined to decipher potential links between weathering and biogeochemical processes that affect Ni.
Materials and methods

Geological setting and sampling site
The study was conducted at the UM complex of Barro Alto (BA) in the Goiás State, Brazil (S15°4′-E48°58′, Fig. 1 ). This complex is the Southern part of a composite layered intrusion from the Neoproterozoic (Ferreira Filho et al., 2010) . This area is divided into two distinct segments: a lower mafic zone, which is composed mainly of gabbronorite and includes pyroxenite and dunite, and a UM zone, which is composed Fig. 1 . Map of the study area, Barro Alto (Goiás State, Brazil).
of serpentinized dunite, harzburgite, pyroxenite and gabbronorite (Ferreira Filho et al., 2010) . The complex has undergone amphibolite to granulite facies metamorphism, and the rock composition reveals intense crustal contamination of primitive parental magma (Ferreira Filho et al., 2010) .
The topography of the complex is characterized by a succession of hills and valleys with altitudes ranging from 750 m to 1100 m that dominates a large plain (i.e., a Velhas Surface) (Oliveira et al., 1992) . The climate is tropical and has a mean annual precipitation of approximately 1500 mm, with a wet season from December to March. The mean annual temperature is between 18 and 22°C. The vegetation is dominated by herbaceous plants and bush in the UM area and is typical of the Cerrado. Moreover, several nickel hyperaccumulating plants have been recognized in the BA complex, such as Justicia lanstyakii, Heliotropium salicoides and Cnidoscolus bahianus (Reeves et al., 2007a (Reeves et al., , 2007b An opencast mine came into production in 2011 in the Barro Alto massif, which is exploited by the Anglo American mining company. All of the samples selected for this study corresponded to the different weathering stages encountered in the Barro Alto massif. The deeper samples, such as C1, C2, B1 and B2, were provided by the Anglo American company and come from two cores (C and B) that were drilled through the lateritic regolith at 27 m, 28 m, 23 m and 24 m depths, respectively. Saprolitic and lateritic ore samples were collected in November 2011 on an exploited outcrop. The ores were sorted according to their location in the weathering profile: saprolite (S1, S2 and S3) and laterite (L1, L2 and L3). The UM soil was sampled in the close vicinity of ores at the three different depths: 0-10 cm (BA0-10), 10-30 cm (BA10-30) and 30-80 cm (BA30-80). Three geological reference materials (GRMs) were also analyzed for their isotopic composition: two manganese nodules from the Atlantic Ocean (Blake Plateau at 788 m depth, Nod-A-1) and Pacific Ocean (at 4300 m depth, Nod-P-1) and a basalt BHVO-2 (Hawaii) from the USGS. The Ni isotope composition of these GRMs was previously determined by Cameron et al. (2009 ), Gall et al. (2012 and Gueguen et al. (2013) .
Sample digestion
All of the samples were homogenized and finely crushed before acid digestion, and all of the reagents were of analytical grade. Approximately 100 mg of the samples were transferred to Teflon vessels, digested with 5 mL of concentrated HF and 1.5 mL of HClO 4 at 180°C and then evaporated to dryness. They were subsequently digested in a mixture of concentrated HNO 3 -HCl (3.75 mL of HNO 3 and 1.25 mL of HCl) at 150°C and evaporated to dryness. The digestion was made in a separate laboratory, in order to limit the contamination of the clean room with metal-rich dust. The samples were then taken up with 6 M HCl for the chemical separation of Ni. For concentration measurements, aliquots of the samples were evaporated to dryness and taken up with 0.5 M HNO 3 .
Chemical separation of Ni
The chemical purification of Ni followed the procedure developed by Gueguen et al. (2013) and is based on a two-step chromatography separation. The first set of ion-exchange chromatography columns (i.e., disposable polypropylene columns equipped with a largevolume, such as 10 mL reservoir) was filled with 2 mL (wet volume) of anionic resin AG1-X8 in its chloride form (BioRad 100-200 mesh). This resin retains Fe, Zn and a high amount of Co and Cu (Moynier et al., 2007) and Ni remains in solution. The recovery yield of the first column is 95 ± 5% (n = 12). Before the second chromatography column, a Ni double spike was added to the samples with a spike/natural ratio of 1 (see Section 2.3.2). The second set of ion-exchange chromatography columns used a specific Ni-resin composed of polymethacrylate containing a dimethylglyoxime (DMG) molecule that scavenges Ni at pH 8-9 to form an insoluble Ni-DMG complex that is retained on the resin. Approximately 0.5 mL (wet volume) of the specific Ni-resin was loaded into disposable columns and initially washed with ultrapure water and 3 M HNO 3 . A procedural blank sample was included within every batch of samples. All of the blanks had an average amount of 17 ng of Ni (n = 8), which is negligible relative to the amount of Ni processed for each sample (usually 8-10 μg of Ni).
Analytical methods
Chemical and mineralogical characterization
Measurements of the elements (Al, Ca, Fe, Mg, Mn, Na and Ni) in the bulk and eluted samples were performed by ICP-OES (Thermo Fisher ICAP 6200 Duo ICP-OES) at the LGE (Université Paris Diderot-IPGP, Paris, France). Detection limits were typically 2 μg/L, and the external precision was ±5%.
The cation exchange capacity (CEC) of the different samples was determined at the soil pH by the Hexamine cobalt (III) method (Aran et al., 2008) . After the exchange with Co(NH 3 ) 6 3+ ions, the CEC was measured spectrometrically at 472 nm (Cary 50 UV Vis spectrophotometer, Varian). Additionally, the Ni and other exchangeable cations were measured by ICP-OES. These extracts (i.e., exchangeable cations in Hexamine cobalt (III)solution) were evaporated and digested with concentrated acid, and then the isotopic measurements were conducted at the most concentrated exchangeable fractions: the top soil BA0-10 sample and 5 ore samples. The mineralogical composition was determined by X-ray diffraction (XRD), which was performed using a PANalytical XRD (at the University of Paris Sud, France) and a RIGAKU Ultima IV diffractometer (at the University of Brasilia, Brazil). The XRD patterns were obtained for powders and air-dried, ethylene glycol-saturated (E.G.) and heated (490°C for 3 h) oriented clay fractions. The PANalytical diffractometer used a Ni-filtered Cu-Kα radiation with an operating voltage of 45 kV; a beam current of 40 mA; a step size of 0.0167°2θ with a counting time of 55 s per step; and a scanning range of 3 to 80°2θ. The RIGAKU diffractometer used a Ni-filtered Cu-Kα radiation and graphite monochromator with an operating voltage of 45 kV; a beam current of 15 mA; and a scanning speed of 2°/min between 2 and 80°2θ.
This mineralogical analysis was supplemented by microanalysis. Backscattered electron images of lateritic and saprolitic samples were obtained using a Philips XL30 scanning electron microscope (SEM) operating at 15 kV beam voltage, 1.5 μA beam current, equipped with an energy dispersive X-ray spectrometer (EDX-PGT Ge-detector; acquisition time 40 s, GEOPS laboratory). Particles were also imaged with a Philips CM20 transmission electron microscopy (TEM) operating at 200 kV, at the Institut Jean Lamour, Nancy, France. Samples were prepared as follows: a sample aliquot was suspended in a few mL of ethanol and sonicated for 5 min. A drop of suspension was then evaporated on a carbon-coated copper grid (200 mesh/100 μm) placed on a filter paper. Elemental spectra were determined using EDS (EDX-PGT Ge-detector). The analyses were carried out in nanoprobe mode with a probe diameter of 10-20 nm and a 40 s acquisition time.
Ni isotope measurements
Nickel isotope ratios were measured by a Neptune (ThermoElectron) MC-ICP-MS operated at the Pôle Spectrométrie Océan located at IFREMER (Centre de Brest, France) and at the LSCE (Gif-sur-Yvette, France). This instrument is equipped with nine Faraday cups that can simultaneously measure Gueguen et al. (2013) ). The double-spike calculation procedure was based upon the method described by Siebert et al. (2001) for Mo isotope determination. This method consists of determining the corrected isotopic ratio and instrumental mass bias through iterative calculations (Albarede and Beard, 2004; Quitte and Oberli, 2006; Cameron et al., 2009) . In addition, each sample analysis was bracketed by the measurements of the spiked standard Ni NIST SRM 986 solutions at the same concentration and same spike/standard ratio as the samples. The ratios of δ 60 Ni were expressed in per mil and normalized with the average value of the bracketing standard SRM-986 (1) (Gramlich et al., 1989 
The long-term analytical reproducibility of the standard Ni NIST SRM 986 was ±0.03‰ (2 s.d., n = 90). All of the samples were measured at least twice, and 2 s.d. errors reported in the data were calculated from the replicates of each sample except when their 2 s.d. uncertainty was below 0.03‰; in such cases, an error of 0.03‰ was reported.
An accuracy test was performed to compare the results to data obtained independently in other laboratories. Fig. 2 presents the δ
60
Ni signatures of the three geological reference materials (GRMs) obtained in the present study and also by Cameron et al. (2009 ), Gall et al. (2012 and Gueguen et al. (2013) . Our results were 1.11 ± 0.03‰ (n = 2) for Nod A-1; 0.38 ± 0.03‰ (n = 2) for Nod P-1 and 0.01 ± 0.02‰ (n = 4) for BHVO-2, which were similar to published data within uncertainties (Fig. 2) . The average isotopic compositions of the reference materials can thus be determined from all of the studies: 1.07 ± 0.04‰ (2 s.d., n = 8) for Nod A-1; 0.41 ± 0.07‰ (2 s.d., n = 10) for Nod P-1 and 0.05 ± 0.11‰ (2 s.d., n = 4) for BHVO-2.
Results and discussion
Bulk geochemistry and mineralogical composition of the samples
The main characteristics of the samples are summarized in Table 1 . The bedrock samples from the two drilled cores through the lateritic regolith exhibit large Mg concentrations (approximately 150 g/kg), low Fe concentrations (approximately 50 g/kg), extremely low Ca and Al concentrations (b5 g/kg) and constant Ni concentrations (from 2241 to 2812 mg/kg). The mineralogical assemblage consists of chlorite, serpentine, amphibole and traces of quartz. Olivine is also found.
Compared to the bedrock, the soil samples are dominated by Fe (250 g/kg). The Mg and Al contents range from 53 to 76 g/kg and 27 to 38 g/kg, respectively, whereas the Ca concentrations are dramatically low (7-11 g/kg). The Ni content ranges from 12,675 to 19,363 mg/kg. X-ray diffraction of the soil samples confirmed that a strong contrast exists between the soil samples and bedrock samples. The soil samples are composed of iron oxides (hematite and goethite) and quartz, and chlorite and amphibole are also present in the upper horizon, which is most likely a result of aeolian or colluvial contamination.
The composition of the ore samples appears to be intermediate. The Fe concentration is strongly variable among the ore samples and ranges from 55 to 124 g/kg for the saprolitic samples (S1, S2 and S3) and from 140 to 440 g/kg for the lateritic ores (L1, L2 and L3). The Mg and Al contents in the samples are also variable, with large Mg contents in the saprolitic samples and a residual concentration of Al in the lateritic and soil samples (Tab. 1). The Ni content is particularly high in the saprolitic samples (16,775-25,577 mg/kg) and L1 sample (51,748 mg/kg), due to the residual concentration of Ni and also to the leaching of Ni from the upper horizons, whereas the Ni content in the other lateritic samples is lower. The mineralogy of the saprolitic samples is consistent with the tropical weathering of UM rocks that are commonly dominated by phyllosilicates, including minerals of the serpentine group, as well as clay minerals (smectite, chlorite) (Table 1 and Supplementary data 2). The mineralogy of the lateritic samples is dominated by Fe oxides (goethite and hematite) except for the L1 sample, which also contains serpentine and talc. This peculiarity can explain its very large Ni content. Spinels (mainly chromite) and quartz are present in both the saprolitic and lateritic ore samples.
The SEM and TEM results confirm the presence of the minerals identified by the XRD analysis and allow us to observe other minor minerals such as sepiolite, which was not detected by XRD (Fig. 3) . Sepiolite has relatively high Ni contents (0.48-1.38 at.%) and is Fig. 2. Comparison of data between this study, Gueguen et al. (2013) (n = 6, n = 8, and n = 11 for Nod A-1, Nod P-1 and BHVO-2, respectively), Gall et al. (2012 Gall et al. ( , 2013 only present in the S1 sample. Both trioctahedral and dioctahedral smectites are found in the saprolitic and lateritic samples and contain variable Ni contents up to 2.6 at.% (see Supplementary data 3 for smectite composition). These results are consistent with the observations of Raous et al. (2013) for a garnieritic sample from the Niquelândia UM massif. The Ni concentration ranges from 0.3 to 0.4 Ni at.% for serpentine in the saprolitic samples. Finally, the chlorite and Fe-oxides have extremely low Ni contents that are close to the EDS detection limit, and ubiquitous chromite is free of Ni (data not shown).
The CEC of the saprolitic samples is particularly high, ranging from 29 to 60 cmol c /kg (Table 1 ). The lateritic samples exhibit a lower CEC (5-19 cmol c /kg), which is similar to that of the soil samples. The CEC values reported here for the saprolitic samples are slightly lower than those reported by Raous et al. (2013) for a garnieritic sample, whereas the values for the lateritic materials are larger than those reported for a limonitic sample in the same study. The exchangeable Ni ranges from 333 to 857 mg/kg for the saprolitic samples (4-5.7% of the CEC), 23-443 mg/kg (1.5-8% of the CEC) for the lateritic samples, and 107-210 mg/kg (4.5-6% of the CEC) for the soil samples. The exchangeable Ni represents 1.3-5% of the total Ni in the saprolitic samples, 0.4-2.6% for the lateritic samples and only 0.5-1.4% of the total Ni for the soil samples. The CEC results are consistent with the mineralogical composition of the samples, such as the clay mineral vs iron oxide composition (Sparks, 2003) . Cation exchange is a process that rapidly influences the dissolved phase and thus the composition of the percolating solution. These results highlight the high mobility of Ni that can be mobilized downward and outward of the profile. Thus, Ni can be leached before being sorbed by the clay minerals or being involved in the formation of secondary clay minerals, which are enriched in the saprolitic unit. This has been also observed by Gleeson et al. (2004) in the Cerro Matoso weathering profiles.
In the parental material, Ni is mainly included in olivine, serpentine and chlorite. Because olivine is not stable at the surface temperature and pressure, it tends to dissolve and releases Si, Mg, Fe and Ni to solution (Butt and Cluzel, 2013) . Clay minerals then form in the saprolite unit of the weathering profile. The main Ni bearing minerals are serpentine and smectite, and, for only one sample (S1), sepiolite (Fig. 3) . These minerals are also found in other UM deposits such as those in New Caledonia (Trescases, 1975; Becquer et al., 2006; Dublet et al., 2012) , the Philippines (Fan and Gerson, 2011) , Colombia (Gleeson et al., 2004) and Australia (Gaudin et al., 2004) , and they are also found together with vermiculite under temperate conditions (Caillaud et al., 2006) . Nickel can be located in the octahedral sheets of the smectite layers (Gaudin et al., 2005; Raous et al., 2013) , but also in exchangeable positions (Raous et al., 2013) . These minerals display relatively high CEC, which is demonstrated by the CEC measurements (Table 1) , and large amounts of exchangeable Ni were released after hexamine cobalt (III) treatment. A Ni sepiolite-falcondoite solid solution has been found in garnieritic veins from the Falcondo Ni deposit in the Dominican Republic, and Gleeson et al. (2004) also observed Ni-sepiolite as a major bearing phase in the saprolite part of pit 1 of Cerro Matoso (Colombia). Even if talc is a common Ni-bearing minerals in UM environments, it is not considered as a major Ni sink in New Caledonia deposits (Becquer et al., 2006; Dublet et al., 2012) . In the lateritic part of the profile, Ni is mainly associated with Fe oxides (mainly goethite), as also observed in other Ni-laterites, and is either included in the lattice or sorbed onto the mineral surface. Dublet et al. (2012) suggested that goethite represents the major Ni scavenger in the ultimate stages of the weathering of the UM rocks in New Caledonia, while Fan and Gerson (2011) found that the main Ni host phases in the limonitic ores from Pujada deposits were phyllomanganate and, to a lesser extent, Fe oxides. In New Caledonia soils, Ni has also been found associated with Mn oxides and Ni-rich goethite depending on the origin of the soil parent materials (Becquer et al., 2006) . Table 1 Total contents of elements, cation exchange capacity (CEC), exchangeable Ni (Exch Ni), and mineralogical composition determined after XRD and SEM/TEM-EDS investigations (+, presence; (+), traces) of ultramafic soil, ores and protolith by XRD and SEM/TEM observations. Depth of ores is not defined; /, not measured. Sm, smectite; srp, serpentine; chl, chlorite; oli, olivine; hm, hematite; goe, goethite; amp, amphibole; spi, spinel and qz, quartz. Type Fig. 4 presents the Ni isotope values measured in the present study and data from studies by Gueguen et al. (2013) and Gall et al. (2013) for UM rocks. The δ 60 Ni values measured in the present study range from − 0.61‰ (saprolitic sample S1) to 0.32‰ (S3 and bedrock samples) (Supplementary data 1) . The isotopic signatures δ 60 Ni of the deepest samples are 0.26 ± 0.03‰ and 0.23 ± 0.03‰ for B1 and B2, respectively, and 0.31 ± 0.03‰ and 0.32 ± 0.04‰ for C1 and C2, respectively. The average value of these bedrock samples is 0.28 ± 0.10‰ (n = 4), which will be used as the Ni isotope composition of the Barro Alto protolith. These values are heavier than those reported by Gueguen et al. (2013) and Gall et al. (2013) , suggesting that there are larger Ni isotope variations among UM rocks than previously reported. This variability might be explained by differences in the primitive parental magma and the process of serpentinization. Compared to the protolith, all of the regolith samples are depleted in heavy isotopes. The δ
60
Ni values of the saprolitic ore samples, such as in the Ni enrichment zone, are more variable at −0.61 ± 0.03‰, −0.07 ± 0.03‰ and 0.30 ± 0.03‰ for S1, S2 and S3, respectively, whereas those of the lateritic samples range from 0.00 ± 0.03‰ (L1) to 0.13 ± 0.03‰ (L2). The soil samples are enriched in light Ni isotopes compared to the lateritic ones with two distinct Ni isotope signatures. The BA30-80 horizon has an isotopic composition of − 0.02 ± 0.03‰, whereas the samples close to the surface are depleted in heavy Ni isotopes and have δ 60 Ni values of −0.18 ± 0.03‰ and −0.19 ± 0.03‰ for BA0-10 and BA10-30, respectively. The isotopic composition of the exchangeable Ni, i.e., mainly nonspecifically adsorbed Ni, which represents 0.4 to 5% total Ni, has been determined for 6 samples. All of the exchangeable values, except S3, are heavier than the bulk samples (Supplementary data 1) , with an average of Δ
Ni exch-tot = 0.29‰, n = 5 (S3 = −0.33‰). Gueguen et al. (2013) and Gall et al. (2013) ). Average values of the literature data are shown (dunite, n = 4; peridotite, n = 5; number of replicates for olivine, serpentinite and Cerro Matoso samples is not communicated; our results are for two values). Error bars are 2 s.d. of NIST SRM 986 Ni for all of the measurements except when the uncertainty from the replicated measurements is higher than 0.03‰ (C2). Fig. 5a shows the trend of Mg loss, going from Mg-rich bedrock to Mg-depleted soil, and the re-distribution of the leached Ni into the Ni enrichment zone, i.e., the Ni-enriched saprolitic clay samples. Three samples from the Cerro Matoso mine (pit 1, Gleeson et al., 2004) , also analyzed by Gall et al. (2013) , were added to the figure. The weathering of UM rock is associated with an isotopic fractionation and depletion in heavy isotopes of the solid matrix (Fig. 5b) . Indeed, soil and lateritic samples, which are enriched in Fe-oxides relative to the UM bedrocks and which have lost Ni and Mg during the intense weathering, show δ 60 Ni ranging from − 0.19 to 0.13‰. This is in agreement with results of Wasylenki et al. (2014) , who demonstrated that adsorption and coprecipitation of Ni with Fe and Mn oxides lead to an enrichment in light Ni isotopes and consequently to the release of dissolved Ni enriched in heavier isotopes.
Link between mineralogy and isotopic composition
The saprolitic samples were taken from the upper Ni-enriched part of the weathering profile, where Ni residually concentrates and where the dissolved Ni leached from the top of the lateritic profile may precipitate or sorb. The δ
60
Ni variability among the saprolitic samples can be related to the variable nature of Ni-bearing silicates, and probably to a lesser extent to the quantity and isotope signature of the exchangeable Ni. S2 and S3 samples contain serpentine, Ni-chlorite and talc, which are inherited and formed at a higher temperature, while S1 contains only serpentine, smectite and sepiolite, the two latter formed at lower temperature during weathering. Given the present state of knowledge, the isotopic signature cannot be assigned exclusively to Ni-bearing sepiolite or smectite. However, the «Green saprolite» sample from Cerro Matoso, thoroughly characterized by Gleeson et al. (2004) , shows a mineralogical composition dominated by sepiolite and a δ 60 Ni = −0.30‰ which is close to S1.
The isotopic values of our saprolitic samples are particularly variable, which may relate to the mineralogical composition of the samples. Indeed, the extremely light isotopic signature of S1 is most likely related to the presence of sepiolite (Fig. 3) , which is consistent with the results of Gall et al. (2013) , even if sepiolite does not appear to be a dominant mineral at Barro Alto unlike Cerro Matoso. Further detailed work is required to clarify the distribution of the various Ni-bearing silicates, particularly at the scale of the veins observed in the different outcrops, but also to measure the Ni fractionation associated with the formation of the brucitic layer of the phyllosilicates.
In the lateritic unit, the isotopic values are more homogeneous (0.00-0.13‰) and in the same range as those reported by Gall et al. (2013) for the Fe-oxide rich laterite. Therefore, the formation of Nicontaining Fe-oxides leads to an isotopic fractionation favoring light Ni isotopes. This result appears to be amplified in the upper part of the weathering profile, i.e., in the soil horizons. Goethite is known to strongly sequester Ni during tropical weathering, and constitutes the ultimate scavenger for Ni during ultramafic rock weathering under high/intense drainage conditions (Manceau et al., 2000; Dublet et al., 2012) . Recently, Wasylenki et al. (2014) reported that adsorption and co-precipitation of Ni with Fe-and Mn-oxides under controlled conditions lead to lighter Ni isotope retention and consequently to the release of heavier Ni isotopes. Trace metal adsorption onto goethite occurs, typically, via two steps. Rapid sorption onto external surfaces is followed by slower reactions involving metal solid-state diffusion from external surface to inner layer of solid particles (Bruemmer et al., 1988) . Nickel sorption occurs mainly as the formation of Ni inner-sphere surface complexes, as the point of zero charge value for goethite varies between 7 and 9.5 (Gaboriaud and Ehrhardt, 2003) , but Ni clustering may also occur at the goethite surface (Manceau et al., 2000; Liao et al., 2013) . Accordingly, one can expect that Ni sorption by inner-sphere complexes onto the goethite surface, followed by Ni diffusion into the lattice, leads to Ni fractionation. Then, sorbed and also incorporated Ni is isotopically lighter than dissolved Ni, which can be further downwardly mobilized and lost from the profile (Wasylenki et al., 2014) .
From the bedrock samples to the upper soil samples, the depletion of heavier isotopes from the solid phase, defined as Δ
Ni Soil-Bedrock , is up to − 0.47‰. This heavy isotope depletion requires the existence of a heavy Ni pool, such as the exchangeable Ni pool and/or the dissolved Ni pool of the interstitial waters (not measured in this study) which are both in close interaction. Therefore, we speculate that heavy Ni isotopes may be released in the interstitial waters through both dissolution and exchange processes (Wasylenki et al., 2014) , and that they can then contribute to the heavy dissolved riverine Ni load (from 0.29 to 1.34‰) measured by Cameron and Vance (2014) . The measurement of the Ni isotope composition of the soil pore water sampled in the field at different depths and locations in the UM massif, including the Serra da Mesa lake, would help future weathering investigations. Moreover, one saprolitic sample has among the lighter Ni isotope composition even reported in the literature, whose origin has to be more deeply investigated.
The Barro Alto deposit formed on ultramafic rocks is dominated by one type of Ni-bearing minerals, i.e., the hydrous Mg silicates. Hence, the results of the present study can be extrapolated to similar deposits from New Caledonia, Indonesia, Philippines, Cuba or other tropical areas (Butt and Cluzel, 2013) . In addition, the enrichment in light Ni in the lateritic unit of the weathering profiles could provide clues to generalize these findings to other oxide deposits (e.g., limonitic ore) such as in Australia, Africa, India, and Madagascar. One can also assume a similar nickel isotopic fractionation for ultramafic rocks submitted to less intense weathering conditions, as it occurs under actual temperate climate.
Consequently, the hypothesis formulated by Cameron and Vance (2014) , according to whom lateritic profiles could represent a permanent storage of a counterpart isotopically light pool of Ni on the continents, is not only confirmed by the present study, but the extension of this result would solve the imbalance problem of the isotopic data of oceanic nickel.
Conclusions
Mineralogical analyses were used to trace the weathering processes in a deep lateritic profile under tropical conditions. The results show that phyllosilicates are the primary Ni scavenging phases in the saprolitic part of the profile. The mineralogy of the lateritic part and soil is dominated by Fe oxides, which are the ultimate Ni scavengers. The δ 60 Ni values have been measured in each unit of the weathering profile, namely in the soil, saprolitic and lateritic ores and bedrock. The data show that during weathering, the solid phase is depleted of heavy Ni isotopes, probably due to fractionation during Ni incorporation and sorption on Fe oxides. However, fractionation during Ni incorporation in the octahedral brucite-like layer of clay minerals, sorption on clay minerals and organic matter complexation needs also to be specifically investigated in order to expect similar tendencies for the other Nilaterites developed under past and/or present humid tropical and subtropical conditions. Overall the Ni isotope fractionation between the bedrock and upper soil horizon is up to −0.47‰, leading to the storage of an isotopically light Ni pool. The heaviest Ni isotope pool is most likely lost through the dissolved phase as illustrated by the heavy isotopic composition of the exchangeable Ni. Moreover, these results are consistent with the heavy isotopic compositions of river and ocean waters measured by Cameron and Vance (2014) . Finally, considering the overall Ni cycle, the present results show that Ni lateritic profiles can be considered as a sink of isotopically light Ni.
